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The technology and performance of micromachined channel waveguides, based on plasma-enhanced chemical vapour deposition (PECVD)
of silicon oxynitride thin films, are presented. The deposition parameters of PECVD are studied in connection with their optical, mechanical
and chemical properties. The design of the waveguide is optimised for single mode operation, low loss propagation and high efficiency
of coupling to single mode optical fibers. This technology is applied to fabricate the pigtailed Mach-Zehnder interferometers, where the
coupling from the optical fiber to the waveguide is based on U-groove etch, supporting fibers in the same substrate as the waveguide
substrate. [DOI: 10.2971/jeos.2007.07026]
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1 INTRODUCTION
During the last decade many novel micro-opto-electo-
mechanical systems (MOEMS) including optical waveguides
on silicon substrate have been developed: modulators,
switches, micro platforms for integrated optics and optically
driven actuators. The rapidly growing market of integrated
optical sensors requires photonic components with ever-
increased functionality that can be fabricated reliably at low
cost. Planar waveguides, when integrated with micromechan-
ically deformable structures and linked by optical fibers, may
serve as sensors to detect a physical parameter of mechanical
deformation [1, 2]. Structurally active elements are typically
high aspect ratio components such as suspended beams or
membranes. Thus, many physical parameters (temperature,
pressure, force, acceleration) can be converted to a displace-
ment or strain. The action of this physical parameter on the
waveguide read-out produces a phase or intensity modula-
tion and thus the sensing function may be performed. The
first category can use movable microstructures that interact
with a guided wave through evanescent coupling or by
affecting the waveguide transmission [3]. Phase-modulated
sensors are often based on a Mach-Zehnder interferometry
(MZI) [4, 5]. In this category, the most successful application
of micromachined MZIs is in the area of pressure sensors,
where one of optical branches of MZI crosses a deformable
membrane [6, 7].
A wide variety of deposition techniques for silicon-based op-
tical waveguides has beem developed including: chemical
vapour deposition [8, 9] (CVD) and flame hydrolysis depo-
sition [10] (FHD). Most published work refers to waveguide
structures that are based on the deposition silica (SiO2) for
the cladding layers and doped silica for the core layer [11],
and silicon nitride (Si3N4) or silicon oxynitride (SiOxNy) for
the core layer [12, 13].
Since SiOxNy waveguides permit low attenuation of light
and well adjustable refractive index, this material is suit-
able for matching to single-mode fibres, due to the possi-
bility to tailor the mode-field profile of such waveguides
to that of silica-based optical fibers. A suitable deposition
process is the plasma-enhanced chemical vapour deposition
(PECVD). PECVD operating at relatively high deposition rate
and low temperature of deposition is compatible with the
well-established microelectronic processing [14]. Because the
quality of SiOxNy films depends strongly on PECVD param-
eters, we propose to improve the performances of deposited
thin films by establishing the relationship between the optical
performances, chemistry, and growth parameters of SiOxNy
thin films. We report then the influence of these properties on
the mechanical behaviour of SiOxNy films. A fabrication pro-
cedure is proposed for SiOxNy buried channel waveguides,
exhibiting low propagation loss, well-controlled refractive in-
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dex and low-internal stress. The design of such waveguide is
optimised to be applied as a read-out of mechanical param-
eters in the MZI architecture, where the measuring branch is
crossing the MEMS actuator and the rigid reference branch
is outside of the actuator [15, 16]. To obtain the optimal de-
sign 3D Beam Propagation Method (BPM) and Finite Element
Method (FEM) have been performed, determining the modal
analysis as well as the coupling efficiency and helping to de-
fine the consequences of elastooptic effects on MZI read-out.
Finally, the MZI is monolithically integrated on top of a mem-
brane, including a micromachined fiber-to-waveguide cou-
pling platform. The resulting optoelectronic device is exper-
imentally tested.
2 PECVD DEPOSITION OF SIOxNy FILMS
Monolithic integration of channel waveguides with moving
parts of MEMS requires layers with well established com-
promise between optical, mechanical and chemical proper-
ties. Main requirements are good control of the refractive in-
dex (∼ 10−3), low attenuation, reproducibility and low stress.
It has been demonstrated that PECVD offers a good control
of the optical, mechanical and chemical properties of SiOxNy
films [17]-[21]. Those properties are strongly dependent on the
deposition parameters such as the temperature of substrate,
precursor gas flow ratio, RF frequency, RF power and total
pressure.
SiOxNy films are fabricated by a parallel plate PECVD radial
flow reactor (PLASSYS MPC400). Three processing gasses:
silane (SiH4), ammonia (NH3) and nitrous oxide (N2O) are
supplied from individual flow control systems inside the re-
actor chamber. The substrate temperature during the deposi-
tion was 350oC, the RF power is fixed at 0.37W/cm2, RF fre-
quency at 150 kHz and the pressure at 0.14mbar for a total
gas flow of 150 sccm (sccm is the flow unit defined as “stan-
dard cm3 perminute”). Under these general conditions [22] all
SiOxNy samples were prepared varying only the gas flow ra-
tio of N2O and NH3. When the ratio R1=N2O/(N2O+NH3) is
varying from 0 to 1, then the refractive index of the SiOxNy is
adjusted from 1.815 to 1.469. Letters E01-E06 denotes SiOxNy
samples for which the deposition parameters are listed in Ta-
ble 1.
Sample R1 N20 (sccm) SiH4 (sccm) NH3 (sccm)
E01 1 143 7 0
E02 0.88 126 7 17
E03 0.60 86 7 57
E04 0.32 46 7 97
E05 0.11 17 7 126
E06 0 0 7 143
TABLE 1 Gas flows of PECVD-deposited samples.
The refractive indices were measured by ellipsometry at a
wavelength of 632.8 nm. The relationship between the refrac-
tive index of SiOxNy and the gas flow ratio is shown in Fig-
ure 1.
FIG. 1 Refractive index of SiOxNy layers vs. gas flow ratio R1.
3 STUDY OF PHYSICAL AND
MECHANICAL PARAMETERS OF SIOxNy
THIN FILMS
3.1 Physical parameters of SiOxNy f i lms
We analysed the samples E01-06 [23] within a Van der Graaff
accelerator by using the RBS detector (Rutherford Backscat-
tering Spectroscopy) detector and ERDA (Elastic Recoil De-
tection Analysis). RBS measurements were used to obtain the
composition and thickness of SiOxNy, as shown in Figure 2.
This illustrates ERDA spectra for samples E06, the sample an-
FIG. 2 RBS spectrum for the sample E06.
gle being at 76o and detector angle at 20o,as shown in Figure 3.
ERDA was used to obtain the depth profile for hydrogen. The
experimental results are given in number of counts collected
per channel data; channels being calibrated in energy units
(keV).We used an XRR system (X-Ray Reflectivity) to deter-
mine electronic densities of SiOxNy films. All samples have a
homogeneous layer composition within the depth resolution
of RBS and XRR of about 5 nm. Experimental data are summa-
rized in Table 2.
Figure 4 illustrates the atomic percent (at %) of silicon, ni-
trogen, oxygen and hydrogen as a function of refractive in-
dices, giving information on mass density of deposited films.
Atomic concentration (atom/cm2) and film volume was de-
duced from the film thickness, while the density (g/cm3) was
determined by weighting the substrate before and after depo-
sition of film.
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FIG. 3 ERDA spectra fore sample series E01-E06.
According to the data of Figure 4, the amount of incorpo-
rated nitrogen increase with increasing refractive index (0%–
52%), while the concentration of oxygen decreases with in-
creasing of refractive index (65%–0%). The silicon content is
FIG. 4 Atomic concentrations of silicon, nitrogen, hydrogen and oxygen vs. the refrac-
tive index of SiOxNy films.
relatively independent from the refractive index (29%–32%).
Hydrogen has particularly important effects on the optome-
chanical properties of deposited films: his total content is a
sum of N-H and Si-H bond concentrations. In the oxide like
samples just Si-H bonds are observed, whereas in nitride like
samples both Si-H and N-H bonds are present. In the ni-
tride like samples the content of N-H bonds increases and the
amount of oxide like samples decreases when N2O flow is in-
creased. Because the amount of N-H bonds increases signifi-
cantly with the increase of refractive index (whereas the con-
centration of Si-H bonds seems to be stable), hydrogen atomic
percentage increases rapidly with increasing refractive index
(2%–18.8%). The experimental data reveal a relatively linear
increase in density with increasing refractive index, accompa-
nied by a jump for the sample E02 (n = 1.517). The oxide-like
film (sample E01, n = 1.469) has a density slightly upper than
fused silica with 2.29 g/cm3. The nitride-like film (sample E06,
n = 1.815) has the higher density with 2.70 g/cm3.
Sample ρ (g/cm3) Si (at%) O (at%) N (at%) H (at%)
E01 2,29 32,4 65,6 0 2,0
E02 2,44 31,7 53,8 10,9 3,6
E03 2,36 29,6 44,3 19,5 6,6
E04 2,43 30,1 30,0 28,0 11,9
E05 2,52 30,8 17,5 35,2 16,5
E06 2,71 29,1 0 52,1 18,8
TABLE 2 Density and atomic concentration of samples E01-6.
3.2 Mechanical propert ies of SiOxNy f i lms
This study of material properties is completed by a previ-
ous work [19, 23], where the micromechanical properties of
PECVD deposited films have been measured by “point-wise”
deflection method. Figure 5 shows the distribution of residual
stress as a function of the refractive index of SiOxNy films.
Upon increasing the refractive index from 1.49 to 1.58 the
FIG. 5 Distribution of residual stress vs. the refractive index of SiOxNy films.
stress is minimal for 1.58 with the magnitude of –100MPa
and then becomes less compressive. We have observed that
around this value of refractive index, the film density is
lower. Thus, SiOxNy layers with refractive index in the range
of 1.47 − 1.65 are the most suitable for optical waveguides,
demonstrating a relatively low compressive stress (from –150
to –90MPa). For nitride-like films (n = 1.81) the stress changes
to more compressive with the increase of refractive index.
Here the stress magnitude is around –400MPa with higher
density.
On the other hand, H content of the layers increases with the
refractive index from 2% to 18.8%. Excessive hydrogen con-
tent causes optical losses in the infrared region mainly due to
the Si-H and N-H bond absorption [24]. Other disadvantage
is that in case of annealing in temperatures over 600oC, the re-
fractive index changes dramatically due to H desorbtion and
layer cracks may appear. Thus, for thin films with refractive
index in the range 1.47− 1.55 the H content is less than 5%.
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4 DESIGN OF CHANNEL WAVEGUIDE FOR
INTEGRATED MACH-ZEHNDER
INTERFEROMETRY
The optical design was performed for waveguides operating
at the wavelength of 670 nm and presenting single-mode op-
eration with moderate propagation loss through bends with
radii of curvature around 30 − 40mm. The coupling effi-
ciency around 60% is expected. The chosen configuration is
the buried SiOxNy waveguide, as shown in Figure 6. It con-
FIG. 6 Cross-section of SiOxNy buried waveguide.
sists of a SiO2-SiOxNy-SiO2sandwich with a rib structure em-
bedded in top cladding. Optimisation of this architecture has
been carried out, making a compromise between the proper-
ties of PECVD SiOxNy layers, technological limitations, single
mode operation and optical loss.
4.1 Choice of the refract ive index and
single mode operation
The properties of the deposited layers depend strongly on the
deposition conditions. In Section 3, we established the rela-
tionship between the mechanical stress, the hydrogen content,
the uniformity and the refractive index of the SiOxNy layers.
For refractive indices between 1.47 and 1.65, the residual stress
is lower than -150MPa and hydrogen contamination does not
exceed 12% (see Figure 5). Under those conditions, the refrac-
tive index was set to 1.53 for the core layer and to 1.47 for the
cladding layer, respectively. The uniformity of the refractive
index is excellent for both values (3× 10−3) and the thickness
uniformity is less than 2% for the core layer, as shown in Fig-
ure 7.
The single mode operation of the waveguide with those se-
lected thin films will depend from parameters of the core
medium: core thickness, rib height and rib waist. The rib waist
is fixed to 4 µm which is a reasonable limit for good repro-
ducibility of the contact lithography process. Under those con-
ditions and for a fixed thickness of core layer, the single mode
propagation depends only from the rib height. When the core
thickness and the rib height exceed a certain value, the waveg-
uide becomes multimode. The single mode propagation con-
dition was calculated using the effective index method. Fig-
ure 8 shows the single mode condition defined as the maxi-
mum rib height for a given range of core thickness.
FIG. 7 In-homogeneity of refractive index and in-homogeneity of thickness vs. the
value of refractive index of SiOxNy layers.
FIG. 8 Limits of single-mode and multi-mode behaviours: dependency from the geo-
metrical parameter of the core layer.
4.2 Coupling eff ic iency and propagation
losses
Fiber-to-waveguide coupling efficiency is given by the field
overlap integral:
η =
∫ ∫
EwE∗f dxdy
∫ ∫
E f E∗wdxdy∫ ∫
EwE∗wdxdy
∫ ∫
E f E∗f dxdy
, (1)
where E f and Ew are respectively the mode fields for the
fiber and waveguide. E f and Ew are calculated using MG-
FD method from the commercially available mode solver (SE-
LENE, interface of software Olympios from C2V). For calcula-
tions, we used a standard single mode optical fiber available
from the company SEDI. Figure 9 illustrates the influence of
rib height and core thickness on the overlap.
To obtain an overlap η over 50% between the fundamental
mode of the fiber and the fundamental mode of waveguide,
the core thickness has been set at 200 nm. In this case, the rib
height should not exceed 28 nm for the single mode waveg-
uides. The precision of etch with buffered HF solution (BHF)
is estimated to ±1.5 nm. To ensure single mode propagation,
hr was set to 20 nm. Under those conditions, we obtained a
theoretical overlap η = 64%.
07026- 4
Journal of the European Optical Society - Rapid Publications 2, 07026 (2007) A. Sabac, et. al.
FIG. 9 Overlap vs. the core thickness.
Three different phenomena contribute to generate waveguide
losses: absorption, radiation and scattering. The design is car-
ried out with respect of attenuation caused by the silicon sub-
strate and the radiation loss caused by the S-bends of the MZI.
Using the software Olympios, we estimated the optical attenu-
ation caused by interaction between the guided mode and the
silicon substrate [22] in case of straight waveguides. Figure 10
shows the evolution of optical loss as a function of the thick-
ness of bottom cladding for both TE polarisation and TM po-
larisation. When the thickness of cladding layer attains 3 µm,
FIG. 10 Optical attenuation vs. the thickness of bottom cladding.
then the optical attenuation riches 0.32 dB/cm for TE polari-
sation and 2.66 dB/cm for TM polarisation, respectively.
All those data, concerning the characteristics of buried SiOxNy
waveguide, are useful for the optimal choice of geometrical
features of MZI architecture. To reach the distance of 2.2mm
between both arms of the interferometer, the BPM (Beam
Propagation Method) simulation indicates a total length of
40mm of MZI. The angle of Y-junction is 1o and the radius of
curvature of S-bends is 40mm, presenting low radiation loss
(see Figure 11).
FIG. 11 BPM simulations of light propagation along the MZI.
5 FABRICATION AND
CHARACTERIZATION OF SIOxNy
BURIED WAVEGUIDE
5.1 Fabricat ion of waveguide and
evaluation of optical loss
The fabrication of buried waveguide starts by PECVD-
deposition of 3 µm thick bottom cladding on top of a double
side polished silicon substrate (< 100 > oriented). This is a
SiO2 layer with the refractive index at 1.47. Then, 220 nm thick
film of SiOxNy is deposited, playing the role of core layer with
the refractive index of 1.53. A 4 µm wide rib was patterned
by photolithography and etched 20 nm using BHF solution.
The resist mask is removed and 3 µm thick SiO2 layer with
refractive index of 1.47 is PECVD-deposited, playing the role
of top cladding. Finally, the waveguide structures are diced
with precision saw, yielding optical quality of the coupling
input/output facets.
For this waveguide, the loss characterization was performed
using a special test sample, as shown in Figure 12. Themethod
consists on measuring the intensity of the propagated light in
a succession of 30 curved waveguides of different length. The
length of curved portion of all waveguides length is identical,
only the length of the straight portion of waveguides increases
from the bottom to the top of the structure.
Assuming that the loss in the bent waveguides and the cou-
pling efficiency of all waveguides are similar, we can estimate
the attenuation:
αn =
10 log10(I0/In)
∆zn
(dB/cm), (2)
where I0/In is the relative output intensity ratio and ∆zn the
difference of optical path. By linear interpolation (see Fig-
ure 13), we obtain an average loss of 0.89 dB/cm for TE po-
larisation.
The main advantage of this method is the delivery of an aver-
age value of loss across the large number of waveguides, the
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FIG. 12 Waveguide structure used as test sample to measure the optical loss.
FIG. 13 Experimental data of waveguide attenuation (TE polarisation).
measurements being based on only straight section of waveg-
uides with minimisation of coupling effects.
5.2 Micromachined platform for
self-al igned fiber-to-waveguide
coupling
A simple micromachined solution is proposed for coupling
light from fiber to channel waveguide. This is based on the
etching of the waveguide substrate with the manufacturing
of self-aligned U-grooves, supporting fibers in the same sub-
strate as the waveguide substrate. This approach permits the
passive alignment from fiber to waveguide, using vertically
the bottom of the U-groove and horizontally the rib structures
of the waveguide. The rib of the waveguide and the U-groove
are both defined in a single photolithography step. After the
deposition of 10 nm thick layer of Cr, the waveguide and U-
groove lateral marks are patterned by photolithography and
etched in a standard Cr etch solution. Without removing the
resist, the waveguide is patterned by BHF wet etching and
then the resist is removed. The U-groove area is then protected
and Cr mask is etched from the waveguide top surface. After
resist cleaning, waveguide deposition process is finished by
deposition of a 3 µm SiO2top cladding layer. Thus, we obtain
two buried Cr marks, aligned with the input of waveguide
rib, as shown in Figure 14a. The waveguide layers are etched
by standard ICP-RIE (inductive coupled plasma reactive ion
etching) process using larger opening that requires no critical
alignment, as shown in Figure 14b. When the Cr is reached,
the Cr mask acts like as an etch stop and defines self-aligned
U-groove lateral limits, as shown in Figure 14c. Silicon etch
is completed in a deep RIE (DRIE) process through Cr/SiO2
mask, providing an excellent selectivity.
(a) (c)(b)
FIG. 14 Self-aligned technology for fiber-to-waveguide coupling: (a) Cr buried layers
aligned on rib mask; (b) same structure after RIE etch of waveguide; and (c) double
Cr mask playing the role of etch mask for self-alignment.
The last step of process consists on a partial dicing and pol-
ishing the coupling interface using a high precision dicing
saw with resino¨id blades. A 100 µm deep transverse channel
is diced between the output of U-groove and input facet of
the waveguide. The dicing operation reduces the roughness of
the waveguide input facet, improving the quality of the cou-
pling interface. Figure 15 shows the light coupled from the
self-aligned fiber to the core of SiOxNy waveguide. The pre-
FIG. 15 Light coupling from the self-aligned fiber to the SiOxNy waveguide.
cision lateral alignment is 0.25 µm, depending mainly on the
under etch of the Cr mask. The vertical precision of alignment
is 1 µm, depending strongly on the DRIE process control. The
fiber extremities are immobilised by gluing with a low stress
epoxy glye.
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6 EXPERIMENT
Figure 16 compares the optical mode of MZI waveguide with
the output mode of the fiber, demonstrating a good match-
ing for the coupling from fiber to waveguide. In agreement
with the simulations (Section 4.2), the coupling efficiency of
about 3 dB per facet of MZI is experimentally confirmed. The
FIG. 16 Comparison of fiber optic input mode (top) with waveguide output mode
(bottom).
experimental set-up consists on an active alignment technique
using piezoelectrically driven stages for positioning the opti-
cal fibers. The light source is a pigtailed laser diode emitting
at 670 nm. The single mode fibers are used for coupling the
light into the core of the waveguide. The energy of waveg-
uide mode is collected by CCD camera and then compared
with the output of optical fiber. Using the Gaussian approxi-
mation, the overlap between the intensity of the modal fields
is defined as:
η f g =
4a2xy
(a2 + x2)(a2 + y2)
(3)
where x and y represent the energy following the horizontal
direction and vertical direction of the waist, and a represents
the energy of symmetrical mode of optical fiber (measured at
1/e of the maximum).
The resulting data are given in Table 3 for a set of 9 waveg-
uides.
x (µm) y (µm) a (µm) η (%)
1 7,4 2,1 3,7 69,2
2 8,3 2,2 3,7 65,5
3 6,2 1,9 3,7 72,6
4 7,4 2,1 3,7 69,2
5 6,2 2,1 3,7 76,1
6 6,7 1,7 3,7 64,0
7 6,5 2,3 3,7 77,3
8 7,0 2,0 3,7 70,1
9 6,2 2,3 3,7 78,8
TABLE 3 Lateral and horizontal overlaps between fiber and waveguide output and
efficiency of coupling.
The measured overlap η f g varies between 62% and 78% and
is slightly greater than expected one. The deviation could be
explained by a systematic error induced by the Gaussian ap-
proximation and due to end face scattering of the waveguide.
This justifies the excessive dispersion of data.
A MZI with one of arms, crossing the center of a 4× 4mm2
silicon membrane, is fabricated. Figure 17 shows a top view
of the propagation along the MZI. We used this MZI config-
FIG. 17 Top view of the light scattered during propagation along MZI.
uration as an optical pressure sensor. A pressure differential
across the membrane causes deflections, which induce strains
in themembrane. This mechanical effect is modulating the op-
tical read-out of MZI, producing a shift of interference fringes,
as shown in Figure 18. We conclude that the fringe contrast
FIG. 18 MZI output signal vs. applied pressure.
of the MZI is over 85%, while the total optical loss is in the
range of 18 dB. This value is higher than the calculated one
because of additional losses caused by the roughness of the
layers and the imperfections of photolithography. Optical loss
can be minimized by polishing the substrate surface using
the CMP (chemical mechanical planarisation) machine before
the core deposition as well as by use of high resolution pho-
tolithography masks.
7 CONCLUSIONS
We demonstrated that optical sensors using planar silicon
oxynitride waveguides can be fabricated reliably using con-
ventional chip fabrication techniques. The observation that
PECVD SiOxNy film can be deposited with low compressive
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stress while having good control of refractive index makes
these layers attractive candidates for applications as core layer
and silicon oxide as cladding layers of buried channel waveg-
uide. Optimization of such optical waveguide is carried out
using numerical calculation, minimizing loss propagation and
to provide good coupling matching with single mode optical
fibers. Using this approach, conventional passive optical com-
ponents such as Mach Zehnder interferometer integrated on
top of deformable membranes can be manufactured in a more
compact way than using standard silica-on-silicon waveguide
techniques. Combining the Integrated Optics with silicon mi-
cromachining enables high precision fabrication of optome-
chanical sensors.
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